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ABSTRACT: We study the 2010 Mentawai earthquake, a tsunami earthquake that occurred seaward of the southern 
Mentawai islands of Sumatra, and produced a locally devastating tsunami, with runup commonly in excess of 6 m. As a 
unique tsunami earthquake case, there is a significant discrepancy between the observed small GPS displacement and 
the very large tsunami runup (maximum value > 16 m), which cannot be explained by the conventional GPS or seismic 
inversion model. The goal of this work is to infer the slip distribution of this earthquake from the available waveforms 
recorded by nearby tide gauges or from the tsunami height and runup data collected in a field survey, using two 
inversion models based on Green’s fuctions technique. We subdivide the fault plane into 18 subfaults and compute the 
corresponding numerical Green’s functions by integrating shallow-water equations via a finite-difference method.  The 
slip distributions inversed by these two models were compared. The limitations of these two methods are discussed.   
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INTRODUCTION 
It has been shown that the characteristics of a 
tsunami wave including wave heights recorded by 
DARTs in deep sea, waveforms recorded by tide gauges, 
and runup heights are useful to constrain some 
earthquake source parameters (Geist and Dmowska 
1999; Okal and Titov 2007; Piatanesi and Lorito 2007; 
Pires and Miranda 2001; Satake 1987; Wu and Ho 2011; 
Abe 1973).  Different methods for tsunami waveform 
inversion have been proposed in the past. Different 
information is required in these proposed methods. Abe 
(1973) developed a backward ray-tracing technique to 
locate the boundaries of the tsunami source. In his 
method, only the tsunami arrival time at each 
observation point is required to start the backward 
tracing computation. This technique applies only to 
linear long waves and will only locate the source, 
without giving any information about its shape and 
amplitude. Satake (1987) proposed a method to invert 
the slip distribution using tsunami waveforms recorded 
by tide gauges. This method is based on Green’s 
functions of the linear long wave model. In this method, 
the fault area is divided into subfaults. Synthetic 
waveform is calculated at each tide gauge for each 
subfault. These waveforms are the Green’s functions for 
each tide gauge. The observed waveform is a linear 
superposition of the Green’s functions, so the 
displacement on each subfault can be determined by 
solving a linear equation (Johnson and Satake 1993). 
Piatanesi et al. (1996) proposed a very similar approach 
to retrieve the slip distribution. In Piatanesi et al’s 
approach, they still follow Green’s functions technique 
and solve shallow water equations via finite-element 
method instead of finite-difference method. They show 
that the local run-up heights collected during the post-
event field surveys can be used for the inversion in the 
case where tide gauge records are not available or 
sufficient. Instead of applying a least-squares procedure 
to the differences between the recorded tide gauge 
waveform and the calculated synthetic waveform, they 
applied the least-squares procedure to the differences 
between the observed run-up values and the computed 
maximum water level along the coast (Piatanesi et al. 
1996).  
In this paper, we inferred the slip distribution of the 
2010 Mentawai earthquake from the available 
waveforms recorded by nearby tide gauges and the 
tsunami height and runup data collected in a field survey. 
The two approaches proposed by Satake (1987) 
(hereafter, the inversion model 1) and Piatanesi et al. 
(1996) (the inversion model 2) were adopted. The slip 
distributions inversed by these two models were 
compared.  
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THE 2010 MW 7.8 MENTAWAI EARTHQUAKE 
AND TSUNAMI DATA 
 
The 2010 Mw 7.8 Mentawai Earthquake 
The Mentawai earthquake of 25 October 2010 
occurred seaward of the southern Mentawai islands of 
Sumatra, Indonesia (Fig. 1), and created a locally large 
tsunami that caused more than 500 human causalities. 
Maximum measured tsunami runup was >16 m, with 
tsunami height commonly in the range of 4~7 m. 
 
Fig. 1 The location of the 2010 Mentawai earthquake 
(yellow star), and the aftershocks (red dots) within two 
days. The white rectangulars show the fault geometry we 
used in this study. 
 
Observed Tsunami Waveforms 
 The tsunami was recorded at more than ten tide 
gauge stations around the Indian Ocean, including four 
tide gauge stations in Indonesia (Padang, Enggano, 
Tanahbala, and Telukdalam), stations in Sri Lanka, 
Maldives, Mauritius and La Reunion Island. A DART 
station 56001, ~1600 km southeast of the epicenter, also 
captured the tsunami waveform. In this paper, tsunami 
waveforms recorded by nine tide gauge stations and 
DART56001 (Table 1) were used to invert the tsunami 
source using the method proposed by Satake (1987). 
Table 1 Tide gauge stations and a Dart buoy station 
No. Station name Latitude(˚) Longitude (˚) 
1 Padang -0.9500 100.3667 
2 Enggano -5.3461 102.2781 
3 Tanahbalah -0.5300 98.5000 
4 Telukdalam 0.5540 97.8220 
5 Cocos -12.1167 96.8919 
6 Colombo 6.9500 79.8500 
7 Hanimaadhoo 6.7667 73.1667 
8 Gan -0.6867 73.1517 
9 Diego Garcia -7.2333 72.4333 
10 DART56001 -13.985 110.0050 
 
Surveyed Tsunami Height and Runup Data 
Tsunami height and runup data were collected during 
a field survey two weeks after the earthquake using 
standard techniques. The survey team visited nearly 30 
locations, including South and North Pagai, Sipora and a 
string of small islands west of South Pagai. Along the 
west coast of the Mentawai Islands, from southern 
Siberut to the southern tip of South Pagai Island, tsunami 
heights generally ranged from 1 to 10 m (Fig. 2) with the 
strongest effects observed along the west coast of North 
and South Pagai islands. Maximum tsunami heights were 
measured along the western shores of a string of small 
islands west of South Pagai. On one of these islands, 
Sibigau, we recorded a maximum runup of 16.9 m. All 
the aforementioned runup and tsunami height 
measurements were corrected for tides by calculating the 
difference between the tide level at the time of the 
survey to the tide level at the time of the tsunami. In this 
paper, tsunami height and runup data from 28 locations 
were chosen to invert the tsunami source following the 
approach proposed by Piatanesi et al. (1996). 
 
Fig. 2 Tsunami height measurements along the west coast of the Mentawai Islands from the October 2010 tsunami 
(after Hill et al. (2012)). 
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TSUNAMI SOURCE INFERRED FROM 
OBSERVED TSUNAMI WAVEFORMS 
We follow the tsunami waveform inversion method 
proposed by Satake (1987) to infer the source. The 
method essentially considers the observed tsunami 
waveform as a superposition of waveforms. The fault 
plane is divided into small areas, and deformation of the 
seafloor is computed for a unit amount of slip on each 
area. The displacement caused by faulting is calculated 
according to Okada (1985). The water surface 
displacement is assumed to be the same as that of the 
bottom deformation and is used as an initial condition 
for tsunami propagation. 
In this study, we divided the tsunami source area into 
18 subfaults with the same length and width 40 km (Fig. 
1). The strike, dip and rake were estimated from USGS 
W phase solution. The fault parameters are given in 
Table 2. We calculate the Green’s functions by 
simulating the linear shallow water equations using a 
finite-difference method in the entire Indian Ocean. The 
computed region is shown in Fig. 3 with grid interval of 
1ʹ (~1825 m). Near the tide gauge stations, finer grid 15ʺ 
(~450 m) is adopted. The bathymetric data was 
resampled from GEBCO_8 30ʺ gridded data. The 
tsunami waveforms recorded at the selected tide gauge 
and DART stations, and computed waveforms from the 
inversion model results are shown in Fig. 4. The result of 
the waveform inversion is shown in Fig. 5 and Table 2. 
 
Fig. 3 The simulation domain for the tsunami waveform inversion model. The locations of tide gauge and DART 
stations used for the inversion are marked by white dots. The rectangulars indicate the finer grid region near the 
stations. 
Table 2 Fault parameters and slip amount of subfaults for the inversion 
No. Long(˚) Lat(˚) L (km) W (km) Depth(km) Strike(˚) Dip(˚) Rake(˚) Slip 
1 100.0488 -4.2498 40 40 3 326 12 101 5.02 
2 99.8468 -3.9510 40 40 3 326 12 101 3.76 
3 99.6450 -3.6522 40 40 3 326 12 101 0.00 
4 99.4434 -3.3533 40 40 3 326 12 101 0.00 
5 99.2418 -3.0543 40 40 3 326 12 101 0.77 
6 99.0404 -2.7554 40 40 3 326 12 101 4.43 
7 100.3483 -4.0482 40 40 9 326 12 101 3.84 
8 100.1464 -3.7494 40 40 9 326 12 101 7.17 
9 99.9447 -3.4506 40 40 9 326 12 101 2.63 
10 99.7430 -3.1517 40 40 9 326 12 101 5.60 
11 99.5415 -2.8527 40 40 9 326 12 101 3.53 
12 99.3401 -2.5538 40 40 9 326 12 101 4.38 
13 100.6477 -3.8465 40 40 15 326 12 101 0.00 
14 100.4458 -3.5477 40 40 15 326 12 101 1.82 
15 100.2441 -3.2488 40 40 15 326 12 101 0.00 
16 100.0425 -2.9499 40 40 15 326 12 101 0.00 
17 99.8410 -2.6510 40 40 15 326 12 101 0.00 
18 99.6396 -2.3521 40 40 15 326 12 101 1.44 
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Fig. 4 Tsunami waveforms recorded at the coastal tide gauge and DART stations (blue solid curves), and simulated 
from our model (blue dotted curves). Thick red lines indicate the data used in the inversion to match the observed and 
synthetic waveforms.  
 
Fig. 5 Slip distribution estimated by the inversion model 
1 (slip value unit: m) 
The result suggests that most slip occurred on the 
shallower subfaults near the Sunda trench. The largest 
slip 7.17 m, was estimated near the epicenter. The 
inversed slip distribution is roughly consistent with the 
that estimated from seismic wave analysis (Newman et 
al. 2011) or from the GPS and tsunami modeling (Hill et 
al. 2012). 
 
TUNAMI SOURCE INFERRED FROM 
SURVEYED TSUNAMI HEIGHT AND RUNUP 
DATA 
In some cases where tide gauge records are not 
available or sufficient, tsunami height and runup data 
could be also useful in inferring the tsunami source.  In 
this section, we inferred the slip distribution of the 2010 
Mentawai earthquake from the collected tsunami height 
and runup data. We chose the data from 28 locations 
along the west coast of Mentawai islands, ranging from 
North Pagai, South Pagai to the small island west of 
South Pagai (Fig. 6). We use the same geometry as the 
one for inversion model 1. To carry out the tsunami 
simulation we need to calculate an averaged slip 
according to the seismic moment as the reference slip 
value to generate tsunami on each subfault. In this case, 
based on the information provided by Global CMT Web 
Page, the seismic moment M0=6.7×10
20 Nm (Mw 7.8). 
We set a low rigidity µ=1.3×1010 N/m2 and get an 
averaged slip of 1.75 m.  
Using the averaged slip as the elementary source, we 
simulate the tsunami around the Pagai Islands. Nested 
grid system with three layers (Grid 0, Grid 1 and Grid 2) 
is adopted. For Grid 2, 6 subdomains are used (Fig. 6). 
For the deep-water bathymetry, we use GEBCO_8 30ʺ 
gridded data. Topographic data were taken from SRTM. 
Large errors in the ground elevation from SRTM may 
exist in the regions where terrain is covered by dense 
vegetation or with steep sloping. In areas of interest for 
detailed hydrodynamic modeling, we corrected SRTM 
data using topographic information collected during the 
field survey. Data gaps between the bathymetry and 
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topography were interpolated and filled using digitized 
nautical charts, for water depth up to 200 m. 
 
Fig. 6 Nested grids used in COMCOT tsunami 
simulations 
 
Based on the superposition principle applied to the 
linear system, the water elevation  i t at the coastal 
point i  can be computed as the combination of the time 
series associated with the elementary sources: 
    
1
, ;
Ns
i j ij
j
a t a c G t

 c  (1) 
In this equation ijG  is the time history corresponding 
to the j -th subfault, at the i -th coastal point and may be 
considered as the numerical Green’s function. The 
parameter vector c is the vector of the coefficients jc  
( 1,2,...,j Ns ) related to the slip magnitude of the j -th 
source ( 1jc   corresponding to the reference slip value 
of 1.75 m), and Ns  (equal to 24 in this case) is the 
number of sources. A is a mean amplification factor 
which can be interpreted as an estimator of the mean 
wave amplification in climbing up the beach slope from 
the offshore points. The computed maximum water level 
iW  at the coast point I can be given as: 
     
0,
, max , ;
j
i i
t T
W a c a t
  
 c  (2) 
where 
iW  is explicitly dependent on both the mean 
amplification factor and the slip coefficients. To 
determine the slip value on each subfault giving the best 
fit to the tsunami height field data, the least-squares 
approach has been adopted. The sum Q  of the squared 
residuals: 
    
2
1
, ,
N
i i
i
Q a c W a R

    c  (3) 
is a function of the parameters a  and c . Here iR  is the 
mean observed tsunami height at the i -th coastal point 
and N  is the total number of the sites. The minimum 
value 
minQ  of the sum Q  has been searched for 
numerically with the parameters varying over reasonable 
ranges. We show the best fit slip values in Fig. 7 with the 
amplification factor a specified as 2.5. 
 
 
Fig. 7 Slip distribution estimated by the inversion model 
2 (slip value unit: m) 
The slip distribution inversed by model 2 indicates 
similar slip pattern with that inversed by model 1. The 
maximum slip occurred near the epicenter with the slip 
value of 7.56 m. Slip on the deep subfaults was very 
small.  
 
DISCUSSION 
The inversion processes we carried out in this study 
suggest that these two inversion models are all highly 
sensitive to the quantity and quality of the available data. 
For inversion model 1, to attain good result, the 
corresponding stations should have a good azimuthal 
coverage with respect to source directivity, and the 
period of the waveform data used in the inversion model 
should be carefully chosen. For inversion model 2, the 
constraint put on the slip distribution is much smaller 
due to the lack of the temporal information. In this case, 
it is necessary to preliminarily assume some basic fault 
parameters, usually on the basis of seismological data. 
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CONCLUSIONS 
In this study, we investigated the slip distribution of 
the 2010 Mentawai earthquake through two inversion 
models based on tsunami data. Both models use Green’s 
functions technique to invert the coseismic slip, in a set 
of simple prescribed rectangular subfaults, from 
observed tide gauge data or surveyed tsunami height data. 
Two models estimated similar slip distribution patterns 
in terms of the large slip location.  
Compared with the inversion model 2, Satake’s 
(1987) model provided more details of the rupture 
characteristics since both spatial and temporal constraint 
can be put on the source region through waveforms 
recorded by tide gauge. This model has been more 
widely used to inverse the slip distributions of major 
earthquakes in the last few decades and proved to be 
reliable (Satake et al. 2012; Johnson and Satake 1993; 
Satake and Kanamori 1991). However, the application of 
Piatanesi et al’s (1996) method is also very important 
and meaningful since it is now a standard practice to 
measure runup heights along the most affected coastal 
area during a post-tsunami survey and large amount of 
tsunami height data would be available. It is also 
possible to apply Piatanesi et al’s (1996) method to 
paleo-tsunami source inversion where only some inland 
tsunami height data could be retrieved. 
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